Studies were conducted to determine the cytotoxic and cytogenetic effects of 1,3-butadiene and two structural analogs, chloroprene and isoprene, in the bone marrow cells of B6C3F, mice exposed to the chemicals by inhalation. In one study, animals were exposed to 1,3-butadiene concentrations of 6.25, 62.5, or 625 ppm 6 hr/day on 10 exposure days and in the second study, to the same concentrations on weekdays for 13 weeks. Chloroprene and isoprene treatments involved 6 hr/day exposures on 12 exposure days at concentrations of 0, 12, 32, 80, and 200 ppm for chloroprene and 0, 438, 1750, and 7000 ppm for isoprene. In the 10-day study, 1,3-butadiene induced significant increases in sister chromatid exchange (SCE) at 6.25 ppm, micronuclei at 62.5 ppm, and chromosomal aberrations at 625 ppm. In the 13-week study, the frequency of micronucleated normochromatic erythrocytes in the peripheral blood was significantly elevated in all exposure groups including the 6.25-ppm group. Isoprene induced both SCE and micronuclei, whereas chloroprene gave negative results for all cytogenetic end points assessed in bone marrow cells.
Introduction
1,3-Butadiene is carcinogenic in both rats (1) and mice (2) following exposure by inhalation. Evidence of 1,3-butadiene's mutagenicity in the Ames Salmonella test was published in 1978 (3) , and the induction of sister chromatid exchanges (SCE) and micronuclei in mouse bone marrow cells was reported in 1986 (4) (5) (6) .
In conjunction with other studies being conducted by the National Toxicology Program on the toxic effects of 1,3-butadiene and the structurally similar compounds isoprene and chloroprene, experiments were conducted to evaluate the cytogenetic and cytotoxic effects ofthese compounds on the bone marrow cells of mice. Cytotoxicity was assessed as effects on the average generation time (AGT) and mitotic index (MI) in dividing bone marrow cells and on the frequency of polychromatic erythrocytes (PCE) in the peripheral blood. Cytogenetic effects in the bone marrow were determined using three end points: chromosomal aberrations, micronucleated (MN), polychromatic (PCE), or normochromatic (NCE) erythrocytes, and SCE.
These studies were carried out to: a) assess the individual and relative genetic toxicity ofthese three chemicals in mice; b) provide data for comparing the genetic toxicity and carcinogenicity of 1,3-butadiene; c) increase the data base on which the predictive value ofshort-term in vivo tests for carcinogens is being evaluated; and d) provide data to support an assessment of the potential carcinogenicity of isoprene and chloroprene.
Results of these NTP-sponsored studies have been published (7) (8) (9) , and the present paper summarizes those study results.
Results and Discussion
The first studies conducted were on 1,3-butadiene (7) . B6C3F1 male mice, 12 per group, were exposed by inhalation to 0.0, 6.25, 62.5, or 625 ppm 6 hr/day on weekdays for 2 weeks (10 exposures). Both cytotoxic and cytogenetic effects were evident (Table 1) .
Bone marrow cytoxicity was evident by virtue of the observations that a) the average generation time (AGT) was significantly extended at 62.5 ppm, b) percent PCE was elevated at 625 ppm, and c) the mitotic index (MI), although not significantly affected at any single dose point, was significantly depressed when analyzed by trend analysis.
All measures of cytogenetic effects showed doserelated responses. SCEs were significantly elevated at 6.25 ppm, MN-PCE at 62.5 ppm, and percent cells with chromosomal aberrations and MN-NCE at 625 ppm.
In a subsequent study of MN-PCE and MN-NCE in the peripheral blood (8), mice were exposed by inhalation to the same three concentrations previously described for 13 weeks. Peripheral blood samples were taken from 10 animals per group and 1000 PCE and 10,000 NCE were scored per animal. For PCE, results of the 2-week study were confirmed with a significant increase in MN-PCE observed at 62.5 ppm (Table 2) . However, in this study, the frequency of MN-NCE was significantly increased at the lowest concentration tested, i.e., 6 .25 ppm in both males and females. The detection of a significant increase in MN-NCE at 6.25 ppm in this study can be attributed to the increased statistical power of the peripheral blood MN assessment where 10,000 NCE are scored per animal. In the bone marrow MN test, only 1000 cells per animal were scored, and although the frequency of MN-PCE increased with increasing exposure concentration, the magnitude ofthe effect at 6.25 ppm was not significant.
Isoprene was investigated in a 12-day exposure regimen using the same end points, route of exposure and species, strain, and sex of animals (9) . Concentrations tested were 0, 438, 1750, and 7000 ppm. These are substantially higher concentrations than those used in the 1,3-butadiene tests described above, but they are similar to those used in the 1,3-butadiene 14-week prechronic mouse studies (10) where concentrations ranging from 625 to 8000 ppm were used.
Inhaled isoprene, 6 hr/day for 12 exposure days, resulted in significantly elevated frequencies of SCE, MN-PCE, and MN-NCE at all three exposure concentrations ( Table 3) . The percent cells with aberrations was elevated but not significantly. Bone marrow cytotoxicity was evident from an extended AGT at 7000 ppm and from a decrease in the percent PCE in the peripheral blood at all three concentrations.
Because the levels of effects observed were not dependent on the exposure concentrations, a second isoprene study was conducted using concentrations of0, 70, 220, and 700 ppm. The purpose of this study was to determine if a dose effect curve was evident at concentrations below the apparent plateau that was observed in the first study.
In the second isoprene experiment, SCE showed a concentration-related effect and were significantly elevated at 700 and 220 ppm, but not at 70 ppm. The other cytogenetic end point scored, MN-PCE, was not elevated at 70 or 220 ppm but at 700 ppm they gave a value that was intermediate between the 438-and 1750-ppm Chloroprene was investigated in similar experiments (9) . Twelve-day exposures at 0, 12, 32, 80, and 200 ppm were administered to male B6C3F1 male mice; 200 ppm was lethal to all exposed animals. The only significant effect observed in this study was an increase in the MI at the 80-ppm concentration (Table 3) .
Conclusions
Inhaled 1,3-butadiene is genotoxic and cytotoxic in the mouse bone marrow, as demonstrated in the studies summarized here and in others (11) . Induction of chromosomal effects are concentration dependent over a two order of magnitude range of exposures. The potent genetic toxicity of 1,3-butadiene in the mouse and the absence or low level of such effects in rats (4, 5) are consistent with the relative carcinogenic effects in these two species (11) .
Evidence of an increased frequency of micronucleated erythrocytes in mice exposed to concentrations of 1,3-butadiene below 10 ppm is a factor for consideration in setting human exposure limits.
Isoprene, like 1,3-butadiene, is a mouse bone marrow genotoxin and cytotoxin. Assuming the genetic toxicity of 1,3-butadiene is mechanistically related to its carcinogenic activity, the lower genetic toxicity of isoprene suggests that this analog of 1,3-butadiene will be tumorigenic in mice, although less so than 1,3-butadiene.
Chloroprene was more toxic to mice than the other two compounds, but it did not yield evidence of in vivo genetic toxicity in bone marrow cells. The in vitro mutagenicity of chloroprene (12, 13) and its structural similarity to 1,3-butadiene suggest the need to investigate further the potential carcinogenic activity. The negative cytogenetic results reported here for chloroprene indicate that in inhalation-exposed male mice, there is no systemic exposure to the genotoxic form ofthe chemical. As an in vitro genotoxin with no apparent requirement for metabolic activation, one might predict that any carcinogenic activity exhibited by chloroprene would be evident at the sites of contact.
